Benzoate:CoA ligase (BZL) was partially purified from flowers of the annual California plant Clarkia breweri. BZL catalyzes the formation of benzoyl-CoA and anthraniloyl-CoA, important intermediates for subsequent acyltransferase reactions in plant secondary metabolism. The native enzyme is active as a monomer with a molecular mass of %59-64.5 kDa, and it has K m values of 45, 95, and 130 lM for benzoic acid, ATP, and CoA, respectively. BZL is most active in the pH range of 7.2-8.4, and its activity is strictly dependent on certain bivalent cations. BZL is an AMP-forming enzyme. Overall, its properties suggest that it is related to the family of CoA ligase enzymes that includes the plant enzyme 4-hydroxycinnamate:CoA ligase. Ó 2002 Elsevier Science (USA). All rights reserved.
Benzoic acid is a component of many secondary metabolites in plants, including cocaine [1] , taxol [2] , dianthramide B [3] , and some glucosinolates [4] . In these and other molecules, the benzoyl moiety is transferred by acyltransferases, requiring activated benzoyl-CoA as a substrate. CoA ester activation of acids in general is a two-step reaction catalyzed by a variety of different enzymes grouped together into the superfamily of adenylate-forming enzymes, also referred to as CoA ligases [5, 6] . During the first step of this reaction, an acyl-AMP intermediate is formed while pyrophosphate is released. In the second step, the acyl-CoA ester is formed and AMP is released. The enzyme 4-hydroxycinnamoyl-CoA ligase (4CL) 1 is a well-characterized representative of this family, and 4CL genes have been isolated from several plant sources [7, 8] . The 4CL enzymes so far characterized show no activity towards benzoic acid, and no benzoic acid:CoA ligases (BZLs) have been identified in plants, although BZLs with high specificity towards benzoate have been characterized, and their genes isolated, from benzoate-degrading microorganisms [9, 10] . However, an enzymatic activity that catalyzes the formation of 3-hydroxybenzoyl-CoA (an intermediate in the biosynthesis of xanthone) in crude extracts of cell cultures of Centaurium erythraea has been reported [11, 12] and the protein responsible for this activity has been purified. This enzyme was also shown to have some activity with benzoic acid as well (18% compared to 3-hydroxybenzoate) [11] .
Here we report the purification and characterization of BZL from Clarkia breweri, an annual plant native to California. Previous work has demonstrated the presence of benzylbenzoate in the floral scent of C. breweri [13] . The biosynthesis of this ester would require the action of a putative benzoyl-CoA:benzylalcohol acyltransferase and benzoyl-CoA as one of the substrates [14] . We have therefore investigated the presence of benzoate:CoA ligase activity in C. breweri.
Materials and methods
Chemicals and reagents. Chemicals, solvents, and reagents were purchased from Sigma, Fluka, and Aldrich (St. Louis, MO) unless otherwise stated. Benzoyl-CoA, coenzyme A (sodium salt), L -[U- 14 C]Phe with a specific radioactivity of 460 Ci/mol, and [7- 14 C]benzoic acid with a specific radioactivity of 16.6 mCi/mmol were purchased from Sigma. [7- 14 C]Benzoic acid and [1-14 C]octanoic acid with a specific radioactivity of 53 Ci/mol were purchased from ARC (St. Louis, MO).
UV-grade acetonitrile and liquid scintillation cocktail Econo-Safe were purchased from Burdick and Jackson (Muskegon, MI) and Research Products International (Mount Prospect, IL), respectively.
Plant material and growth conditions. Details of the growing conditions of the C. breweri plants were previously described [13] .
Radiochemical BZL activity assay (standard BZL assay). Radiochemical assays were performed with 100 ll buffer containing 100 mM Tris-HCl, pH 7.5, 2.5 mM MnCl 2 , 2.5 mM ATP, 0.2 mM CoA, and 5-30 lmol (10,000-65,000 dpm) [7- 14 C ]benzoic acid. The assay was started by the addition of CoA, and kept at room temperature for 15 or 30 min. The reaction was stopped by the addition of 5 ll 50% trichloroacetic acid and 180 ll ethyl acetate, vortexed, and phase-separated by a 1 min centrifugation at 14,000g. The upper organic phase was removed and the ethyl acetate extraction repeated. The remaining aqueous phase was analyzed in a liquid scintillation counter. The amount of radioactivity in the aqueous phase indicated the amount of synthesized benzoyl-CoA.
Radiochemical 4CL and acyl-CoA ligase activity assays. The same conditions as described above were used for activity assays with [U- 14 C ]cinnamic acid and [1-
14 C]octanoic acid as substrates. Spectrophotometric 4CL activity assay. Enzyme activity was measured spectrophotometrically at room temperature with a 1 ml mixture containing 100 mM Tris-HCl, pH 7.5, 2.5 mM MgCl 2 , 2.5 mM ATP, 0.2 mM hydroxycinnamic acids, and 0.2 mM CoA. The assay was started by the addition of CoA. The change in absorbance of the reaction mixture was monitored at 311, 333, 345, 346, and 352 nm according to the reported absorption maxima for cinnamoyl-CoA, p-coumaroylCoA, feruloyl-CoA, caffeoyl-CoA, and sinapoyl-CoA, respectively [15, 16] .
Competition assay. Assay conditions were similar to those described for the standard BZL assay. In addition to 65,000 dpm [7- 14 C]benzoic acid, each assay mixture contained 200 lM of the competitor substrate. The formation of benzoyl-CoA ester was measured by liquid scintillation counting. The cpm values obtained in competitor substrate assays were compared to results of control assays with radioactive benzoyl-CoA by itself and supplemented with 200 lM unlabeled benzoic acid. If assay results of competitor substrates were 85-100% of the counts observed in the control assay not supplemented with unlabeled benzoic acid, the compound was considered not to be a substrate for BZL. If they did decrease the number of counts by more than 15%, they were deemed to be either inhibitors or substrates of BZL. Product formation was then checked by HPLC-MS [17] .
Product identification. Benzoyl-CoA was authenticated by TLC and reverse-phase HPLC analysis with UV detection in comparison to a reference sample of benzoyl-CoA. An R f of 0.56 was observed on TLC on silica-gel plates (Polygram Sil G/UV, Macherey-Nagel, Easton, PA) using the solvent system 1-butanol:water:acetic acid (60: 35:25) . HPLC was performed on a Nova-Pak column (Nova-Pak C 18 60A 4 lm, 3:9 Â 300 mm 2 , Waters, Milford, MA). For HPLC, a flow of 1 ml/ min and a gradient of solvent A (acetonitrile) and solvent B (20 mM KH 2 PO 4 , pH 2.9) were applied: 0-5 min, 5% A; 5-32 min, 5-38% A linear; 32-35 min, 38-75% A linear; 35-40 min, 75-5% A linear; 40-45 min 5% A. UV detection was set at 216 nm. Fractions were collected every minute, and counted in a liquid scintillation counter. [7- 14 C]Benzoic acid co-eluted with an authentic reference compound at R t 18.4 min. In addition, the formation of benzoyl-CoA was also confirmed after hydrolysis of the reaction product at pH 12 (NaOH) for 30 min at 60°C and the liberated benzoic acid was detected with HPLC and TLC [17] .
AMP formation. BZL activity assays (containing 500 lM unlabeled benzoic acid) were analyzed for AMP formation by analyzing 10 ll of assay mixture. Samples were taken at 60 min intervals. Separation of adenine nucleotides and CoA was achieved by an RP-HPLC gradient method similar to that described in [18] . HPLC was performed on a Nova-Pak C-18 column (Waters) at a flow rate of 1 ml/min. A gradient of solvent A (10 mM tetrabutylammonium hydroxide, 10 mM KH 2 PO 4 , 0.25% methanol, pH 7.0, with conc. HCl), and solvent B (2.2 mM tetrabutylammonium hydroxide, 77 mM KH 2 PO 4 , 38.5% methanol, pH 5. Reaction time was 72 h, and conversion rate was 90%.
The mixture was acidified with 20 ll of 6 N HCl and extracted (3Â) with 300 ll of diethyl ether to isolate [U- 14 C]cinnamic acid. The organic phases were combined and concentrated to dryness, then redissolved in a small volume of 25% ethanol and stored at 4°C. Chemical and radiochemical purities were checked with TLC (silica-gel, R f 0.73) using the solvent system pentane:diethylether:acetic acid (100:100:1), and by reversephase HPLC analysis with UV detection at 216 and 270 nm. The HPLC was operated at a flow rate of 1 ml/min, and a gradient of solvent A (acetonitrile) and solvent B (water, pH 2.9 adjusted with H 2 SO 4 ) was applied in the following scheme: 0-5 min, 5% A; 5-45 min, 5-75% A linear; 45-50 min, 75-100% A linear; 50-53 min, 100% A linear; 53-55 min, 100-5% A linear; 55-60 min, 5% A. Fractions were collected every minute, and analyzed in a liquid scintillation counter. [U-
14 C]Cinnamic acid co-eluted with an authentic reference compound at R t 25.7 min.
Protein purification. All manipulations were carried out at 4°C unless stated otherwise. C. breweri flowers up to 2 d post-anthesis were cut off below the sepals and ground in liquid nitrogen using a mortar and pistil. A ratio of 5:1 (v/w) extraction buffer (50 mM Bis-Tris, pH 7.0, 1.5% soluble PVP 40,000, 10% glycerol, 1 mM PMSF, and 2 mM DTE) was added. After 20 min on ice with occasional stirring, the slurry was filtered through Miracloth (Calbiochem, La Jolla, CA) and centrifuged at 25,000g for 30 min. The crude supernatant fraction was stored at )80°C prior to further manipulations. All purification steps were carried out on a Pharmacia FPLC apparatus unless stated otherwise.
Batches of 50 ml crude centrifuged extracts were loaded onto a 10 ml column of DEAE-cellulose (DE53; Whatman, Fairfield, NJ) that was pre-equilibrated with buffer A (25 mM Bis-Tris, pH 7, 10% glycerol, 1mM DTE). The column was rinsed with 40 ml buffer A and the activity was eluted with a linear gradient (45 ml) from 0 to 500 mM KCl in buffer A. Fractions (3 ml) were collected and assayed for BZL activity and stored at )80°C.
The fractions with highest specific BZL activity from seven DE53 purifications were pooled (37 ml), diluted with 15 ml ice-cold buffer A, and loaded onto a HAP column (1 Â 10 cm 2 , Bio-Gel, Bio-Rad, Richmond, CA). The column was rinsed with 40 ml of buffer A and eluted with a linear gradient (50 ml) from 0 to 100% buffer B (500 mM K-phosphate, pH 7, 10% glycerol, 1 mM DTE, 200 mM KCl ) in buffer A. Fractions (3 ml) were collected and assayed for BZL activity. The fractions that contained the highest BZL activity (6 ml) were diluted with 6 ml of buffer A and loaded onto an affinity column (1 ml, Reactive Red Type 3000-CL, Sigma, St. Louis, MO) operated with gravity. The column was rinsed with 10 ml buffer A containing 100 mM KCl. BZL activity was eluted in five steps (5 ml each) from 200 to 1000 mM KCl in buffer A. The fractions (%2.5 ml) containing the major part of BZL activity (8 ml, between 300 and 500 mM KCl) were diluted with 42 ml ice-cold buffer A and loaded onto a Mono-Q column (0:5 Â 6 cm 2 , Pharmacia). The Mono-Q column was rinsed with 15 ml of buffer A and BZL was eluted with a linear gradient (25 ml) of 0-350 mM KCl in buffer A. BZL eluted with 140-200 mM KCl. Fractions (2 ml each) were collected and protein content and purity were checked by SDS-PAGE followed by Coomassie Blue or silver staining of the gel.
Molecular mass estimation. Partially purified BZL was run on a gel-filtration column (HR 10/30 Superose 12, Pharmacia) at a flow rate of 0.2 ml/min in a mobile phase of 20 mM Bis-Tris, pH 7, 150 mM KCl, and 7.5% glycerol. Fractions (0. Protein measurements. Protein concentrations were determined by the method of Bradford [19] using reagents obtained from Bio-Rad (Richmond, CA). BSA was used as a standard for a calibration curve.
Enzyme kinetics. The increase in reaction rate with increasing concentrations of benzoic acid, ATP, and CoA was evaluated with the radiochemical assay mentioned above and was found to obey Michaelis-Menten kinetics. To determine K m values for each substrate, the data were fit to the Michaelis-Menten equation by a non-linear regression program. Appropriate enzyme concentrations and incubation times were chosen so that the reaction velocity was linear during the assay period. The concentrations of the co-substrates were independently varied in the range from 0 to 2.5 mM, while the remaining reactants were kept at 2.5 mM (ATP), 1.0 mM (CoA), and 500 lM (benzoic acid). Final results are an average of at least four independent assays.
Product inhibition. Product inhibition was determined under standard assay conditions using benzoyl-CoA concentrations ranging from 10 to 1000 lM.
Temperature effect and thermostability of BZL. BZL was incubated at 20, 30, 40, and 50°C for 30 min, then chilled on ice. Samples incubated at each temperature were used in standard BZL assays to determine the thermostability of BZL. To determine the temperature effect on BZL activity, standard BZL assays were performed at 20, 30, 40, and 50°C.
pH optimum for BZL activity. BZL activity was determined in 100 mM Bis-Tris propane buffer for the pH range from 6.4 to 9.4 using the standard radiochemical assay.
Metal cofactor requirements. A standard BZL assay (described above) was carried out in the presence of one of the following bivalent cations, present at a final concentration of 2.5 mM: Mn 2þ , Mg 2þ , Co 2þ , Ni 2þ , Ca 2þ , and Cu 2þ . A control reaction with 2.5 mM EDTA instead of metal ion was also performed.
Effect of salt concentration. The influence of salt concentration on BZL activity was assayed under standard assay conditions using KCl in concentrations from 100 to 500 mM.
Results

BZL protein purification
The highest BZL activity was found in sepals and petals of the flowers (Table 1) . We therefore used whole flowers as the source to purify BZL activity by several chromatographic steps, including DEAE anion-exchange, HAP, affinity chromatography on reactive red resin, and anion-exchange on a Mono-Q column. For our large-scale purification we collected the fractions of highest BZL activity from several DEAE chromatographic runs and stored them at )80°C. Since BZL proved to be unstable at low salt concentrations, we minimized the time under these conditions, and instead of desalting, dialyzing or buffer exchange, we diluted the fractions with BZL activity with buffer A prior to the next chromatographic step. Glycerol and DTE were necessary to maintain enzyme stability throughout the procedure.
After the final Mono-Q FPLC step, the fraction with highest BZL activity showed two proteins in a Coomassie Blue-stained gel, one at $ 64:5 kDa and another, fainter band, at $ 70 kDa (Fig. 1, lane F) . When compared with proteins in adjacent fractions (Fig. 1 , lanes E and G), BZL activity correlated well with the presence of the 64.5 kDa band. The molecular mass of native BZL was estimated to be %59 kDa by gel filtration, supporting the conclusion that the 64.5 kDa protein is indeed BZL and indicating that BZL is active as a monomer.
To ensure that the BZL activity was not a side product of a possible 4CL enzyme, we assayed the fractions containing BZL activity after affinity chromatography for 4CL activity. No 4CL activity was found in these fractions.
The apparent increase in total activity and recovery after the HAP purification step (Table 2 ) is due to the presence of benzoyl-CoA thioesterase activity in crude extracts of C. breweri tissue (unpublished data). Thioesterases that degrade CoA-esters are common in plant tissues [20, 21] . In our case the thioesterase activity was separated from BZL after the HAP step, and this was reflected by an increase in total activity/recovery of BZL activity. Because of the degradation of benzoyl-CoA by the thioesterase activity in the activity assays with the crude extract, the specific activity of BZL in crude extracts (Table 2 ) is likely to be an underestimation. It follows that the 1200-fold purification factor calculated for the total purification scheme is likely an overestimate.
Kinetic properties
The increase in reaction rate catalyzed by the purified C. breweri BZL with increasing concentrations of benzoic acid, CoA, and ATP obeyed Michaelis-Menten kinetics. Apparent K m values of 45 lM for benzoic acid, 130 lM for CoA, and 95 lM for ATP were calculated. BZL activity was reduced by 55% at a product concentration of 1 mM benzoyl-CoA.
pH optimum and temperature effect and stability BZL had a pH optimum of 7.2-8.4 (90-100% activity). The activity was < 70% at pH 6.4 and 9.2. BZL was stable for at least 30 min in the temperature range from 20 to 40°C. No activity was found after 30 min at 50°C. The enzyme was most active in the range from 30 to 40°C. The activity was reduced by 40% at 20°C.
Cation cofactors
No enzyme activity was observed in assays that contained EDTA, indicating that C. breweri BZL activity depended on the presence of certain doubly charged cations. 
Effect of salt concentration
The effect of salt concentration under standard assay conditions was tested with KCl. There was no effect on activity when KCl varied in concentration from 0 to 100 mM. Activity was reduced by 40% at 500 mM KCl compared to 100 mM KCl.
AMP formation
BZL assays were dependent on ATP in the assay mixture. Using the RP-HPLC gradient method described above, we were able to separate all adenine nucleotides and CoA from each other. No AMP was detected immediately after addition of the enzyme to the reaction mixture. Increasing amounts of AMP were detected after 60, 120, and 180 min of assay time. No AMP was detected in control assays without BZL.
Relative activity with other substrates
Purified BZL from C. breweri was tested with cinnamic and octanoic acids in a radioactive assay analogous to that described for benzoic acid. Activity towards coumaric, ferulic, cinnamic, and caffeic acids was analyzed in a spectrophotometric assay. For all other substrates, competition assays were performed instead of direct assays because CoA esters of these latter substrates could not be easily quantified. However, product formation was verified by HPLC-MS to rule out the possibility that the substrate was acting as a competitive inhibitor. Relative activity in competition assays was calculated based on comparison to control assays as described in Materials and methods. The relative activities of purified BZL from C. breweri with the different substrates tested are summarized in Table 3 .
Discussion
C. breweri BZL activity was found to be present throughout the plant (Table 1) , and it was purified from whole flowers, where it is most abundant, using four consecutive column chromatographic steps (Table 2, Fig.  1 ). C. breweri BZL catalyzes the thioesterification of benzoic acid to its corresponding CoA derivative. There are multiple examples in plant secondary metabolism that feature benzoic acid as a biosynthetic building block [1] [2] [3] [4] . Benzoylation of these compounds is catalyzed by acyltransferases that require benzoyl-CoA as a substrate. In addition to its activity with benzoic acid, C. breweri BZL shows significant activity with other structurally related compounds, including anthranilic and p-hydroxybenzoic acids. There are several examples of natural products that are produced by anthranylation, including several anthranilated C 19 -norditerpenoids [22, 23] , and BZL might be the enzyme that provides substrate for this step as well. So far anthranilate:CoA ligase is known only from Pseudomonas spp. [10] .
Our results indicate that C. breweri BZL is a monomer of %59-65 kDa. Most 4CLs have a reported molecular mass between 55 and 67 kDa and are active as monomers [24] . Our data also indicate that BZL, similarly to 4CLs, is an AMP-forming enzyme. However, while substrate inhibition is observed for some 4CLs [25, 26] , we did not observe substrate inhibition for BZL in the range of 0-0.5 mM CoA. The anthranilate:CoA ligase from Pseudomonas is also a monomer, and its molecular mass was also estimated to be in the range 60-65 kDa.
BZL showed K m values of 95, 130, and 45 lM for ATP, CoA, and benzoic acid, respectively. Recently, 3-hydroxybenzoate:CoA ligase, a monomeric enzyme catalyzing a reaction similar to BZL, was isolated and characterized from the plant C. erythraea [11, 12] as well as from bacteria [27] . This monomeric enzyme, whose molecular mass was estimated to be 50-60 kDa, was found to have some activity with benzoic acid (8-18% compared to its activity with 3-hydroxybenzoic acid). K m values for 3-hydroxybenzoate:CoA ligase were found to be 229, 8.5, and 14.7 lM for ATP, CoA, and 3-hydroxybenzoic acid, respectively. The K m values for ATP and the benzoic acid substrate of C. breweri BZL are in a comparable range to the values reported for this 3-hydroxybenzoate:CoA ligase and for most 4CLs [25, 28] . However, the K m of CoA of 130 lM for BZL is Table 3 Relative activity of C. breweri BZL with different substrates The generic group R denotes either a hydroxyl functionality or a hydroxyl and methoxy functionalities at the para or at the para and meta positions, respectively. significantly higher than the values reported for 3-hydroxybenzoate:CoA ligase (8.5 lM) or 4CLs (3-7 lM). Despite the simple structure of benzoic acid and its widespread occurrence in plants, the enzymatic steps of the biosynthesis of benzoic acid and its close relative phydroxy-benzoic acid are still unresolved. As has been demonstrated in several studies, benzoic acids are derived from cinnamic or coumaric acid (Fig. 2) . Benzoic acid formation requires the cleavage of two carbons from the C 3 side-chain of the precursor. Two major routes for possible side-chain degradation have been proposed for plants, a so-called ''non-oxidative'' pathway via benzaldehyde (retro aldol condensation, Fig. 2 , middle) and a b-oxidation-like cleavage via cinnamoylCoA (Fig. 2, top) . Evidence for the ''non-oxidative'' pathway with p-hydroxybenzaldehyde as a key intermediate has been demonstrated in the biosynthesis of phydroxybenzoic acid in cell cultures of carrots [29] and cell-free extracts from Lithospermum erythrorhizon [30] and potato tubers [31] . On the other hand, the b-oxidation-like pathway with phenylpropanoic acid CoA ester as the key intermediate is supported by studies on cell-free extracts from L. erythrorhizon [32] and in tobacco leaves [33] . Outside the plant kingdom, a third, alternative pathway was recently described for the metabolism of ferulic acid to vanillin in P. fluorescens [34] (Fig. 2, bottom) . A gene coding for the protein enoylCoA lyase, a member of the enoyl-CoA hydratase/ isomerase superfamily, was isolated and characterized. The protein it encodes was shown to catalyze a CoAdependent, yet non-oxidative cleavage reaction [34] . Interestingly, the enzyme is capable of cleaving all common hydroxycinnamoyl-CoA esters but cinnamoyland sinapoyl-CoA [35] . However, until now no enzymatic activity of the key enzyme in either of the three pathways described above has been purified and clearly demonstrated in plants.
While one of these proposed pathways results in the production of benzoyl-CoA without the action of BZL (Fig. 2, middle) , it seems likely that plants will still need BZL activity even if this pathway proves to be the only route to benzoic acid in plants. Since CoA esters cannot permeate through membranes [36] , and also because of the general abundance of thioesterase activity in plants [20, 21] , it seems reasonable to assume that an enzyme with the function of BZL is necessary to provide benzoyl-or anthranoyl-CoA for acyltransfer reactions.
